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Abstrat
A permanent eletri dipole moment (EDM) of a physial system requires time-reversal (T ) and parity (P ) violation. Experimental
programs are urrently pushing the limits on EDMs in atoms, nulei, and the neutron to regimes of fundamental theoretial
interest. Here we alulate the magnitude of the PT -violating EDM of 3He and the expeted sensitivity of suh a measurement
to the underlying PT -violating interations. Assuming that the oupling onstants are of omparable magnitude for pi-, ρ-, and
ω-exhanges, we nd that the pion-exhange ontribution dominates. Our results suggest that a measurement of the 3He EDM
is omplementary to the planned neutron and deuteron experiments, and ould provide a powerful onstraint for the theoretial
models of the pion-nuleon PT -violating interation.
1. Introdution
A permanent eletri dipole moment (EDM) of a physial
system would indiate diret violation of time-reversal (T )
and parity (P ) and thus CP violation through the CPT
invariane. Presently there are several experimental pro-
grams pushing the limits on EDMs in atoms, nulei, and the
neutron to regimes of fundamental interest. The Standard
Model (SM) predits values for the EDMs of these systems
that are too small to be deteted in the foreseeable future,
and hene ameasured nonzero EDM in any of these systems
is an unambiguous signal for a new soure of CP violation
and for physis beyond the SM. A new experimental sheme
[1,2,3,4,5℄ for measuring EDMs of nulei (stripped of their
atomi eletrons) in a magneti storage ring suggests that
the EDM of the deuteron ould be measured to an au-
ray of better that 10
−27 e m [4℄. Unlike searhes for CP -
violating moments of the nuleus through measurements of
atomi EDMs, a measurement for a stripped nuleus would
not suer from a suppression of the signal through atomi
Shi sreening [6℄. For this reason, the latter ould repre-
sent about an order of magnitude better sensitivity to the
underlying CP -violating interation than the present limit
on the neutron EDM, dn [2℄. Measurements using stripped
nulei in a magneti storage ring are best suited to nulei
with small magneti anomaly, making
3
He an ideal an-
didate for a high preision measurement. Here we exam-
ine the nulear struture issues determining the EDM of
3
He and alulate the matrix elements of the relevant op-
erators using the no-ore shell model [7℄ and Podolsky's
method for implementing seond-order perturbation the-
ory [8℄. An approximate and inomplete alulation for the
3
He dipole exists in the literature [9℄, but here we present
muh more reliable alulations based on an exat solution
of the three-body problem using several potential models
for the nuleon-nuleon (NN) interation, omplemented
with three-body fores.
2. Soures of Nulear P ,T violation
A nulear EDM onsists of ontributions from the fol-
lowing soures: (i) the intrinsi EDMs of the proton and
neutron, dp and dn; (ii) the polarization eet aused by
the P -,T -violating (/P /T ) nulear interation,H/P /T ; (iii) the
two-body
/P /T meson-exhange harge operator appropriate
for H/P /T .
The ontribution due to nuleon EDMs, D(1), whih is
purely one-body, an be easily evaluated by taking the ma-
trix element
D(1) = 〈ψ|
A∑
i=1
1
2
[(dp + dn) + (dp − dn) τzi ] σzi |ψ〉 , (1)
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where |ψ〉 is the nulear state that has the maximal mag-
neti quantum number. In the partiular ase of interest in
this paper, |ψ〉 = |0〉 is the ground state of 3He obtained
by the diagonalization of the P ,T -onserving interation.
In perturbation theory H/P /T indues a parity admixture
to the nulear state
|˜0〉 =
∑
n6=0
1
E0 − En |n〉 〈n|H/P /T |0〉 , (2)
where |n〉 are eigenstates of energy En and opposite parity
from |0〉, whih are alulated with the P -,T -onserving
Hamiltonian. Hene, the polarization ontribution D(pol)
an be simply alulated as
D(pol) = 〈0| Dˆz |˜0〉+ .. , (3)
where
Dˆz =
e
2
A∑
i=1
(1 + τzi ) zi (4)
is the usual dipole operator projeted in the z-diretion.
The ontribution due to exhange harge, D(ex), is typi-
ally at the order of (v/c)2, and expliitly evaluated to be
just a few perent of the polarization ontribution for the
deuteron ase [10℄; we therefore ignore it and approximate
the full two-body ontribution, D(2), solely by the polar-
ization term
D(2) = D(pol) +D(ex) ∼= D(pol) . (5)
Our alulation of the EDM of
3
He therefore requires
knowledge of both the individual EDMs of the nuleons
and the
/P /T nulear fore. These very dierent quantities
an only be related if some understanding exists of both
the origin of the symmetry violation and its expression
in strong-interation observables. Construting an eetive
eld theory (EFT) that inorporates the symmetry viola-
tion, as well as the dynamis underlying the usual strong-
interation physis in nuleons and nulei, provides a suit-
able framework. Chiral Perturbation Theory (χPT) supple-
mented with a knowledge of the symmetry violation would
be the appropriate EFT. To date only a single suh alula-
tion exists [11℄, and it was applied to the one-nuleon setor,
although further eort is underway [12,13℄. The symmetry
violation in that alulation was taken from the QCD θ¯
term, whih leads to an isosalar
/P /T pion-nuleon intera-
tion in leading order, unlike the most general ase that in-
ludes an isovetor and an isotensor term, as well [14℄. The
non-analyti parts of the pion-loop diagrams [10,11,15,16℄
that generate nuleon EDMs then provide an appropriate
estimate of the EDMs of individual nuleons. These ontri-
butions are expeted to dominate in the hiral limit[15℄.
In the absene of a χPT alulation ofH/P /T we revert to a
onventional formulation in terms of a one-meson-exhange
model. Inluding pi-, ρ-, and ω-meson exhanges, 1 the
interation is given by (see Refs. [10,17,18,19,20℄):
1
Other mehanisms not inluded here are η-exhange and two-pi-
exhange, et.
H/P /T (r) =
1
2mN
{
σ− ·∇
(−G¯0ω yω(r))
+ τ1 · τ2 σ− ·∇
(
G¯0pi ypi(r) − G¯0ρ yρ(r)
)
+
τz+
2
σ− ·∇
(
G¯1pi ypi(r) − G¯1ρ yρ(r)− G¯1ω yω(r)
)
+
τz−
2
σ+ ·∇
(
G¯1pi ypi(r) + G¯
1
ρ yρ(r)− G¯1ω yω(r)
)
+ (3 τz1 τ
z
2 − τ1 · τ2)σ− ·∇
(
G¯2pi ypi(r)− G¯2ρ yρ(r)
) }
,
(6)
wheremN is the nuleon mass, G¯
T
x is dened as the produt
of a
/P /T x-mesonnuleon oupling g¯Tx (with T referring to
the isospin) and its assoiated strong one, gxNN (e.g., G¯
0
pi =
gpiNN g¯
0
pi,where the interation Lagrangian orresponding to
these oupling onstants is L = N¯ [igpiNNγ5 + g¯0pi]τ · piN),
yx(r) = e
−mx r/(4 pi r) is the Yukawa funtion with a range
determined by the mass of the exhanged x-meson, r =
r1−r2,σ± = σ1±σ2, and similarly for τ±. Unless the sym-
metry assoiated with the spei way that P, T violation
is generated suppresses some of the ouplings, one expets
(by naturalness) that these
/P /T mesonnuleon ouplings
are of similar magnitude, and this is roughly onrmed by a
QCD sum rule alulation [21℄.
2
We note, however, that in
the (purely isosalar) θ¯-termmodel of Ref. [11℄ the oupling
onstants G¯1pi and G¯
2
pi vanish, and the oupling onstants
for the short-range operators are very small ompared to
the pion one [13℄.
Beause H/P /T violates parity and
3
He is (largely) an S-
wave nuleus, the matrix elements that dene the EDM
(see below) mostly involve S- to P -wave transitions. This
has the ombined eet of suppressing the short-range on-
tributions and enhaning the long-range (i.e., pion) on-
tribution, irrespetive of the detailed nature of the fore.
Combined with the onsideration that the short-range pa-
rameters (G¯ρ,ω) are not muh larger than the pion ones,
one an roughly expet the dominane of pion exhange.
3.
3
He in the ab initio No-Core Shell Model
We solve the three-body problem in an ab initio no-ore
shell model (NCSM) framework [7℄. The ground-state wave
funtion is obtained by a diret diagonalization of an ee-
tive Hamiltonian in a trunated harmoni osillator (HO)
basis onstruted in relative oordinates, as desribed in
Ref. [22℄. High-preision NN interations, suh as the loal
Argonne v18 [23℄ and the non-loal harge-dependent (CD)
Bonn potential [24℄ interations, are used to derive an ef-
fetive interation in eah model spae via a unitary trans-
formation [25℄ in a two-body luster approximation. The
Coulomb interation between protons is also taken into a-
ount.
In addition to the phenomenologial NN interation
models ited above, we onsider two- and three-body inter-
2
In Ref. [21℄, g¯ρ,ω are dened dierently; for onversion, see Ref.
[10℄
2
ations derived from EFT. In a reent work [26℄ using the
NCSM, the presently available NN potential at N
3
LO [27℄
and the three-nuleon (NNN) interation at N
2
LO [28,29℄
have been applied to the alulation of various properties of
s- and p-shell nulei. In that study a preferred hoie of the
two NNN low-energy onstants, cD and cE , was found (and
the fundamental importane of the hiral EFT NNN inter-
ation was demonstrated) by reproduing the struture of
mid-p-shell nulei. (Note that these interations are tted
only for a momentum uto of 500 MeV, and therefore we
are not able at this time to demonstrate a running of the
observables with the uto.) This Hamiltonian was then
used to alulate mirosopially the photo-absorption
ross setion of
4
He [30℄, while the full tehnial details on
the loal hiral EFT NNN interation that was used were
given in Ref. [31℄. We use an idential Hamiltonian in the
present work, and we ompare its preditions against the
phenomenologial potentials.
In the NCSM the basis states are onstruted using HO
wave funtions. Hene, all the alulations involve two pa-
rameters: the HO frequeny Ω andNmax, the number of os-
illator quanta inluded in the alulation. At large enough
Nmax, the results beome independent of the frequeny, al-
though the rate of onvergene depends on Ω. Thus, for
short-range operators, one an expet a faster onvergene
for larger values of Ω, as the harateristi length of the HO
is b = 1/
√
mN Ω. The onvergene also depends upon the
P -,T -onserving interation, H0, used to solve the three-
body problem. Thus the results obtained with Argonne v18
show the slowest onvergene, beause the NN interation
has a more strongly repulsive ore than the interations
obtained from EFT, whih have faster onvergene rates.
The nuleoni ontribution D(1) in Eq. (1) involves only
H0, and is easily alulated one the three-body problem
is solved. We therefore onentrate on the part involving
H/P /T .
Equation (2) suggests that in order to alulate the dipole
moment one needs to obtain high-auray exited states
of
3
He in the ontinuum, an extremely diult task in a
NCSM framework, where the basis states are onstruted
using bound-state wave funtions. The most straightfor-
ward tehnique for evaluating Eq. (2) is to use Podolsky's
method [8℄, in whih |˜0〉 is obtained as the solution of the
Shrödinger equation with an inhomogeneous term
(E0 −H0) |˜0〉 = H/P /T |0〉 . (7)
The exeptionally nie feature of this method is that on-
tinuum states do not have to be expliitly alulated (they
are, of ourse, impliitly inluded). In this sense the teh-
nique is a relatively simple extension of bound-state meth-
ods, whih have been well studied and are robust.Moreover,
in this approah the onvergene of the EDM redues to a
large degree to the issue of the onvergene of the ground
state.
We express the solution of Eq. (7) as a superposition of
a handful of vetors generated using the Lanzos algorithm
[32℄. Indeed, one an show that if we start with the inho-
mogeneous part of Eq. (7) as the starting Lanzos vetor
|v1〉 = H/P /T |0〉, the solution beomes [33℄
|˜0〉 ≈
∑
k
gk(E0) |vk〉 , (8)
where the summation over the index k runs over a nite and
usually small number of iterations. The oeients gk(E)
are easily obtained using nite ontinued frations [34℄.
We alter this approah in pratie for eieny reasons.
Beause Eq. (3) is symmetrial in Dˆz and H/P /T , we are free
to hoose |v1〉 = Dˆz |0〉 as the starting vetor. This allows
us to isolate the two isospin ontributions for H/P /T in eah
run. One we ompute a seond vetor, |v〉 = H†/P /T |0〉, the
polarization ontribution to the EDM is nally evaluated
as
D(pol) = 2
∑
k
gk(E0) 〈v|vk〉 . (9)
(We have veried that the altered approah gives the same
results as the original one.) As a partiular test ase we
have onsidered the eletri polarizability
αE =
1
2pi2
∫
dω
σ(ω)
ω2
= 2α
∑
n
〈0|Dˆz|n〉〈n|Dˆz |0〉
En − E0 (10)
(where α is the ne struture onstant), whih redues Eq.
(9) to αE = −2αg1(E0) 〈v1|v1〉. We estimate that the ele-
tri polarizability of the
3
He nuleus is 0.183 fm
3
for the
Argonne v18 potential, ompared with 0.159 fm
3
reported
in Ref. [35℄ for the same interation. The 15% disrepany
is most likely the result of a dierene in the theoretial
approahes, as the result reported in Ref. [35℄ involves a
mathing of the ground-state energy to experiment (i.e.,
7.72 MeV), although the alulation gives 6.88 MeV bind-
ing [36℄ in the absene of three-body fores (our onverged
binding energy for Argonne v18 is 6.92 MeV). Sine the
eletri polarizability sales roughly with the inverse of the
square of the binding energy, the disrepany between the
two results is reasonable. Moreover, we have made the ad-
ditional hek of the Levinger-Bethe sum rule [37℄, whih in
the ase of tritium relates the total dipole strength to the
harge radius, and we found it to be satised in all model
spaes to a preision better than 10−5. Finally, the 3He po-
larizability alulated using the two- and three-body hiral
interations is 0.148 fm
3
, ompared with 0.145 fm
3
with Ar-
gonne v18 and Urbana IX [35℄ two- and three-body fores.
In both ases exellent agreement with the experimental
binding energy is ahieved.
In a onsistent approah the same transformation used
to obtain the eetive interation should be used to on-
strut the eetive operators in trunated spaes. While
this has been done in the past for general one- and two-
body operators [38℄, suh an approah is very umbersome
for the present investigation beause both the dipole tran-
sition operator and H/P /T hange the parity of the states.
We have therefore hosen not to renormalize the operators
involved, exept for the P -,T -onservingHamiltonian. This
3
problem is largely overome by the fat that long-range op-
erators (like the dipole) have been found to be insensitive
to the renormalization in the two-body luster approxima-
tion [38℄, whih is the level of trunation for the eetive
interation. We also point out that sine H/P /T has short
range, one an expet that the renormalization of this oper-
ator would improve the onvergene pattern, espeially for
small HO frequenies. As with all operators, the eet of
the renormalization dereases as the size of the model spae
inreases, so that in large model spaes (like the ones in the
present alulation) this eet an be safely negleted and
good onvergene of observables is ahieved.
4. Results and Disussions
We start the disussion of our results with the one-body
ontribution to the EDM of
3
He. In Table 1, we summarize
the isosalar and isovetor ontribution to D(1), whih are
deomposed into ontributions proportional to their respe-
tive oupling onstants (dp+dn for isosalar, and dp−dn for
isovetor). All interations give similar results, with only
the Argonne v18 result deviatingmore signiantly from the
others, albeit by less than 6%. We note that the oeients
in the upper and lower rows in Table 1 would be either 1/2
or -1/2 if the nulear fores between eah pair of nuleons
were taken to be equal (viz., the SU(4) limit, whih implies
that the neutron arries all of the nulear spin).
Table 1
The nuleoni ontribution (in e fm) to the 3He EDM for dierent
potential models. We deompose our results into ontributions pro-
portional to the nuleon isosalar (dp + dn) and isovetor (dp − dn)
EDMs.
CD Bonn v18 EFT
NN NN+NNN
dp + dn 0.430 0.415 0.437 0.433
dp − dn −0.467 −0.462 −0.468 −0.468
In Fig. 1 we present for four HO frequenies the running
with Nmax of the EDM indued by the pion-exhange part
of H/P /T . Two- and three-body EFT interations have been
used for this alulation, in order to obtain an aurate
desription of the ground-state of the three-body system.
For the nulear EDM we mix two types of operators:H/P /T ,
whih is short range, and Dˆz, whih is long range. The on-
vergene pattern is therefore not as straightforward as pre-
sented earlier in the disussion of onvergene properties of
general operators. The short-range part dominates the on-
vergene pattern, and we thus observe faster onvergene
for larger frequenies (smaller HO parameter length). This
behavior is opposite to the onvergene in the ase of the
eletri polarizability, where we found faster onvergene
for smaller frequenies as expeted for a long range opera-
tor. Nevertheless, just as in Fig. 1, the results beome inde-
pendent of the frequeny at large Nmax. Note in the insert
the onvergene behavior of the ground-state energy, whih
onverges to the experimental value already at Nmax ≈ 22
for most frequenies presented in the gure.
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Figure 1. Isosalar, isovetor, and isotensor pion-exhange ontribu-
tions to the H/P /T -indued EDM in
3
He. We show four dierent fre-
quenies in eah ase: Ω = 10 MeV (irles), Ω = 20 MeV (squares),
Ω = 30 MeV (diamonds), and Ω = 40 MeV (triangles). In the insert,
we present the onvergene of the ground-state energy, whih in the
limit of large Nmax approahes the experimental value (dashed line).
Both NN and NNN EFT interations have been used for diagonal-
ization.
Similar onvergene patterns an be observed for the
other meson exhanges as well as other potential models.
In Table 2 we summarize these results.
For pion exhange all potential models give basially the
same result, as the long-range part (r & 1/mpi) of the
3
He wave funtion shows negligible model dependene. It
is interesting to note the eet of the three-body fore by
omparing the results with and without NNN interations.
When only the NN EFT interation is used, the binding en-
ergy is underestimated by about 500 keV. Therefore, sine
the ground-state energy is in the denominator of Eq. (2),
one ould naively expet that introduing the three-body
fores (whih inrease the binding) dereases D(pol). In-
4
Table 2
The polarization ontribution to
3
He EDM (in units of e fm), deomposed as oeients of G¯Tx , where x stands for pi, ρ, or ω meson exhanges.
pi ρ ω
CD Bonn v18 EFT CD Bonn v18 EFT CD Bonn v18 EFT
NN NN+NNN NN NN+NNN NN NN+NNN
G¯0x 0.013 0.012 0.015 0.015 −0.0012 −0.0006 −0.0012 −0.0013 0.0008 0.0005 0.0009 0.0007
G¯1x 0.022 0.022 0.023 0.023 0.0011 0.0009 0.0013 0.0012 −0.0011 −0.0011 −0.0017 −0.0018
G¯2x 0.035 0.034 0.037 0.036 −0.0019 −0.0015 −0.0028 −0.0027 - - - -
stead we obtain nearly the same results for both isosalar
and isovetor ontributions. This implies that the NNN
interation reshues the strength to ompensate for the
hange in binding energy, most likely at low energies. This
is not a surprise, beause it was already found previously
that the main eet of the three-body fores for the dipole
response is an attenuation of the peak region at low ener-
gies both in the three- [35℄ and four-body [30℄ systems.
In the isosalar pion-exhange hannel our result (0.015)
is about 50% larger than an existing work [9℄, whih yielded
0.010. Sine the Reid soft ore NN potential used in Ref.
[9℄ has a muh more repulsive ore than even Argonne v18,
that isosalar ontribution to the EDM is in line with our
ndings. Moreover, the approximate solution of the three-
body problem (as opposed to the urrent work, in whih the
alulation is exat) an indue unontrolled unertainties.
Finally, their alulation of the isovetor term did not ex-
haust all the possible spin-isospin ombinations, while the
isotensor ontribution was not omputed.
For ρ- and ω-exhanges one immediately sees that their
orresponding oeients are at most 10% of the pion-
exhange ones, beause only the short-range wave funtion
(r . 1/mρ,ω) ontributes substantially. Sensitivity of the
short-range
/P /T potentials to the short-range model de-
pendene of the wave funtions produes matrix-element
variations as large as 50% for some hannels. While a de-
tailed explanation for the model dependene is too intri-
ate to be disentangled, one an roughly see the general
trend that the alulation using Argonne v18 gives onsis-
tently smaller results than ones using CD Bonn and hiral
EFT, as Argonne v18 has a harder ore than the other two.
The behavior of short-range
/P /T nulear potentials in χPT
strongly suggests that the short-range oupling onstants
are no larger than the pion ones, and may be signiantly
smaller. If this holds, pion-exhange will produe the domi-
nant ontribution to nulear EDMs, with the heavy-meson
exhanges (the short-range interation) giving roughly a
10% orretion (or less) to the pion-exhange ontribution.
This suppression due to P -wave intermediate nulear states
was disussed earlier and is in aord with alulations in
heavier systems [20℄.
Assuming the dominane of pion exhange, D(2) has an
almost model-independent expression
D(2) ≈ (0.015 G¯0pi + 0.023 G¯1pi + 0.036 G¯2pi) e fm. (11)
The single-nuleon EDMs an be estimated using the non-
analyti term that results from alulating the one-pion
loop diagram, whih dominates in the hiral limit (see, for
example, Refs. [10,11,14,15,16℄)
dp
n
≈ ∓ e
4 pi2mN
(G¯0pi − G¯2pi) ln
(
mN
mpi
)
, (12)
where e is the proton harge. Folding this result into
D(1) and using the physial nuleon and pion masses
(ln(mN/mpi) ≈ 1.90) we get
D(1) ≈ 0.009 (G¯0pi − G¯2pi) e fm . (13)
The total EDM of
3
He is therefore estimated to be
D = D(1) +D(2)
= (0.024 G¯0pi + 0.023 G¯
1
pi + 0.027G¯
2
pi) e fm . (14)
Calulating the EDMs of the neutron and deuteron [10℄
using Eq. (12) and assuming pion-exhange dominane, one
an see from Table 3 that an EDM measurement in
3
He
is omplementary to the former two. Assuming that sim-
ilar sensitivities an be reahed in these three measure-
ments, the
/P /T pion-nuleon oupling onstants ould be
well-onstrained if the assumption of pion-exhange domi-
nane holds.
Table 3
Complementarity of the
3
He EDM to the neutron and deuteron
EDMs. We present the theoretial estimations (in units of e fm)
of neutron, deuteron, and
3
He deomposed into ontributions pro-
portional to G¯
0,1,2
pi , while assuming the dominane of pion-exhange
fores in H/P /T and estimating nuleon EDMs via pion loops.
G¯0pi G¯
1
pi G¯
2
pi
neutron 0.010 0.000 −0.010
deuteron 0.000 0.015 0.000
3
He 0.024 0.023 0.027
5. Summary
In this paper, we have alulated the nulear EDMof
3
He,
whih arises from the intrinsi EDMs of nuleons and the P -
,T -violating nuleon-nuleon interation. Several potential
models for the P -,T -onserving nulear interation (inlud-
ing the latest-generation NN and NNN hiral EFT fores)
have been used in order to obtain the solution to the nulear
three-body problem. The results obtained with these po-
tential models agree within 25% in the
/P /T pion-exhange
5
setor. Though larger spreads in
/P /T ρ- and ω-exhanges are
found (as the results sensitively depend on the wave fun-
tions at short range), we expet them to be non-essential
as pion-exhange ompletely dominates the observable (un-
less the
/P /T parameters assoiated with heavy-meson ex-
hanges are signiantly larger than the ones for pion ex-
hange, whih is not expeted). We further demonstrate
that a measurement of the
3
He EDM would be omplemen-
tary to those of the neutron and deuteron, and in ombi-
nation they an be used to put stringent onstraints on the
three P -,T -violating pionnuleon oupling onstants. We
therefore strongly enourage experimentalists to onsider
suh a
3
He measurement in a storage ring, in addition to
the existing deuteron proposal [4℄.
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